Abstract-Chlorpyrifos is an insecticide approved globally for use on a wide range of crops. Laboratory studies indicate that chlorpyrifos is toxic to fish and aquatic invertebrates, and so the adoption of practices that reduce aquatic exposure following use should be encouraged. This study assessed the exposure of surface water to the spray-drift of chlorpyrifos and the subsequent contamination of a realistic worst-case edge-of-field ditch in a vineyard in Northern Italy. Chlorpyrifos (DURSBAN 480 EC [Dow Elanco, Indianapolis, IN, USA]) was applied according to local Good Agricultural Practice (GAP) on two vineyard plots using atomizer equipment. Drift deposition and subsequent dissipation of chlorpyrifos were then monitored in an adjacent, common ditch, with an inherent buffer zone of approximately 7 m between the treated area and the ditch. The results showed that the drift loadings under the study conditions could reach predicted levels from standard spray-drift tables. However, the measured drift was highly variable due to physical factors such as the crop canopy and the distribution of vines within the rows. The amount of chlorpyrifos deposited onto the surface of the ditch water and intercepted by paper strips was approximately 2% of the applied amount after the two applications, with a maximum concentration of approximately 0.3 g L Ϫ1 immediately after the first application and 0.09 g L Ϫ1 after the second, which then dissipated from the water column within 12 to 24 h. The results showed that drift deposition spatially was variable and that chlorpyrifos residues dissipated rapidly from this surface water body. Both aspects are considered important in order to refine the aquatic risk assessment at a higher tier for both registration and management purposes.
INTRODUCTION
Chlorpyrifos is an insecticide approved globally for use on a wide range of crops. It especially is important in Southern Europe (Spain, Italy, and Greece) where it is used extensively and has become an essential part of the pest control strategy in the region. The spray volumes, the associated drift potential, and resulting water contamination can vary considerably between countries. In Italy, chlorpyrifos often is applied on vineyards once (Northern Italy) or twice (Southern Italy) per year for controlling a range of insect pests, including Lobesia botrana, Planococcus spp., and Frankliniella occidentalis. Laboratory studies indicate that chlorpyrifos is toxic to fish and aquatic invertebrates, with acute lethal concentration (LC50) values ranging from Ͻ1 to 200 g L Ϫ1 [1] and, therefore, procedures that reduce aquatic exposure should be developed. In practice, most of the surface water exposure at field scale is due to the spray-drift during application of the pesticide [2] ; although, at catchment scale, run-off and tile-drainage become more relevant [3] [4] [5] . However, the high soil adsorption coefficient and the low persistence of chlorpyrifos in the environment reduce the potential for drainage and run-off to surface water bodies [6] . General monitoring data for chlorpyrifos in Italy and Spain in areas of high usage confirm this hypothesis, with only occasional contamination of surface water that, in many cases, can be attributed to point-source contamination (e.g., spillages or spray equipment washing [7, 8] ). Other studies assume agricultural non-point sources as the route of entry. For example, in several locations, such as the United States, South Africa, and Canada, chlorpyrifos has been monitored in run-off as the route of entry into surface water bodies with little or no focus on spray-drift [9] . This lack of field data is surprising in view of the importance of spray-drift in the risk assessment scheme for pesticides. The current regulatory procedures for aquatic risk assessment in Europe as stated by the Forum for the Coordination of the Use of Models (FOCUS) requires at tier 1 on spray-drift, using standard studies summarized by Rautmann [10] included in a so-called European Union (EU) drift calculator [10] . Similarly, in the United States, the Spray-Drift Task Force, including 39 member companies, has proposed generic deposition curves and incorporated these in the model AgDrift 2.0 (http://www.agdrift.com/). Unfortunately, the FOCUS simulations were obtained using standard scenarios and so higher tier field experiments conducted under more realistic and representative conditions are required in order to refine the risk assessment when initial results indicate unacceptable environmental risk [2, 11] . For many pesticides, including chlorpyrifos, there have been several studies of spray-drift across a range of crops, but still there is a need to validate the approaches because they only partially reflect the environmental conditions, crops, and agricultural practices existing in Europe. Meli et al. [12] conducted eight drift trials in four different citrus fields with chlorpyrifos-methyl (a close analogue of chlorpyrifos) and compared manual and air-blast applications in orchards. The results showed that the Ganzelmeier model [13] consistently overestimated spray-drift. Similarly, Van de Zande et al. [14] recently compared the 90th percentile drift measurements from a Dutch database with the one derived by Rautmann et al. [10] . They found good correlation in orchard trials but noted that for arable crops, the Rautmann tables overestimated drift by a factor of up to five times. Both authors proposed that new regression equations should be calculated from the experimental data of their own field trials. The objective of this study, therefore, was to refine the assessment of surface water and fluvial sediment exposure to chlorpyrifos through targeted monitoring in realistic agricultural use conditions and under representative hydrographic conditions. In this paper, the inputs to surface water via spraydrift and the dissipation in both surface water and sediment are reported.
MATERIALS AND METHODS

Location of test vineyard
The study focused on an area in Italy representative of Southern European conditions in the North Mediterranean Basin in a region known as Trentino-Alto Adige (Fig. 1) . The test site for this study was located in a vineyard in S. Michele all' Adige, in Trento Province. The cropping system in this vineyard is the Pergola Semplice Trentina [15] . The vineyard at the experimental site consisted of two fields known as Casetti and Campi. The Campi field was flat and the Casetti field sloped toward the ditch, which drains both fields (Fig. 1) . Between Casetti field and the ditch there was an asphalt road 3.3 m wide and a grassed area, which means that the distance of the buffer zone from the first vine row to the ditch is about 6.8 m in total. On the other side of the ditch, there was a wide grassed area (6.5 m) separating Campi field from the ditch. The angle between the vineyard and the stream was less than 30 degrees (Fig. 2) . The total surface area of the vineyard was 11,100 m 2 , which comprised 6,570 m 2 in the Campi field and 4,530 m 2 in the Casetti field. The experimental site has weather characteristics typical of both Mediterranean and continental climates. Meteorological data for the study were acquired from a weather station near the Campi field. The vineyard soil was sampled before application along diagonal lines across each field using a motorized drill. The soil is predominantly stony, with stones decreasing from east to west and increasing with the depth going from approximately 30 cm depth to approximately 2 m or more. Soil color at 60 cm depth was gray-blue, indicating the presence of reduced compounds. Generally, the soil is very permeable and requires frequent irrigation during the summer period. A detailed description of the soil properties is reported in Table 1 .
Characteristics of the surface water body
The ditch had a very slow flow rate and was characterized by extensive vegetation (Cyperus spp., Carex spp., Phragmites spp., Typha spp.) and abundant biological activity (fish, birds, mesofauna). However, the vegetation was removed manually before the experiment began to maximize potential deposition. The width of the ditch varied between 2.5 to 3.3 m, and it had a depth of about 70 cm for most of the year. The length of ditch running through vineyard was approximately 140 m long with a flow direction from north to south. At the northern boundary was a small bridge that connected the asphalt road to Campi field, and at the southern end the water from the ditch entered a culvert. The source of the water in the ditch is a spring located about 1.5 km upstream. The water flow was very slow, with a rate of 0.0017 m s Ϫ1 measured during the summer season. This led to an estimate that it takes about 1 d to exchange the water in the ditch. The distance from the ditch banks to the vine rows in each plot was 6.5 to 6.8 m, which facilitated the passage of tractors. The distance between the water surface and the top of the bank varied between 60 cm and 1.5 m (Fig. 3) .
Pesticide application
On July 27, 2000, chlorpyrifos was applied in both vineyards, and drift deposition and subsequent dissipation in the ditch were monitored (trials 1 and 2). This was repeated on A characteristic of the experimental site is the presence of Ora del Garda wind, which blows from Lake Garda to the mountains during late afternoon and from the mountains to the lake during late morning. The application timing was chosen according to the wind direction in order to obtain the maximum likely drift deposition to the ditch. In practice this meant that application was made to Campi field in the morning and to Casetti field in the afternoon. For trials 1 and 2 (in 2000), the spray solution was prepared by adding 850 ml of DURSBAN 480 EC (containing 480 g a.i. L Ϫ1 ) to 10 hl water, to give a nominal concentration of 0.408 g chlorpyrifos L
Ϫ1
. In Campi field, 4 hl of solution (or 163 g chlorpyrifos) was applied to the vines. In accordance with local agricultural practice, the application was stopped while the tractor turned or crossed the division between the rows. In Casetti field, 6 hl of solution (or 245 g chlorpyrifos) was sprayed on the vines and again the application was stopped during the turns. These amounts gave chlorpyrifos application rates equivalent to 248 g a.i. ha solution was applied using atomizer equipment (Tifone model Vector 1000 32 Super, serial no. 10996; Tifone srl, Ferrara, Italy), equipped with Albuz ATR nozzles (Saint-Gobain, Paris, France), calibrated before application. This allowed the appropriate parameters to be selected to deliver the expected dose. For trials 3 and 4 (in 2001), the actual area of each field treated was less than in trials 1 and 2 (Table 2) , and the reason for this was that the farmer wanted to expand on the use of biological control in the vineyard. Therefore, a compromise was reached where the area treated was reduced but that the same application rate was achieved. For trials 3 and 4, the same operator and application equipment were used as before for consistency. However, the spray solution was prepared by adding 510 ml of DURSBAN 480 EC (containing 480 g a.i. L Ϫ1 ) to 6 hl water to give a nominal concentration of 0.408 g chlorpyrifos L
. In Campi field, 2.32 hl of the solution (or 95 g chlorpyrifos) was applied, and in Casetti field, 3.67 hl of solution (or 150 g chlorpyrifos) was sprayed. These applications gave chlorpyrifos application rates in both fields equivalent to 576 g a.i./ha. As in 2000, the application was stopped when the tractor turned between rows. The tractor spray paths for trials 1 to 4 are shown in Figure 2 , and specific details about the applications are shown in Table 2 .
Collection of the drift deposition
Before application, spray-drift collection devices were placed on the ground between the vine row closest to the ditch and across the ditch itself, with extensions reaching the far side of the bank (Fig. 2) . These sampling devices consisted of 5 cm wide continuous chromatography paper strips fixed to wooden boards using staples. Seven (trials 1 and 2) or nine (trials 3 and 4) numbered boards were used. Each board was 7.2 m in length (except for one board in Campi field that was 4.8 m), and the distance between each board was 20 m in trials 1 and 2. In trials 3 and 4, the distance between each board was 15 m and they were placed only on the ground between Casetti field and the ditch. The length of each board extension reaching the far bank of the ditch varied according to the ditch width at each position.
After application, the paper strip on each board was cut into three 2.4 m sections labeled as A, B, and C (trials 1 and 2), or two 3.6 m sections labeled as A and B (trials 3 and 4), while the paper strips on the board extensions reaching the far side of the ditch were retained as a single sample. A slight difference existed between the procedure used in 2000 and 2001. In trials 1 and 2, the spray-drift was measured inde-
pendently after each field application, although in trials 3 and 4 the drift was measured on a single occasion resulting from the combined applications on the Campi and Casetti fields. This was decided as a result of the consistent wind direction at application in 2001, and also for economic reasons. The paper sections were then placed in labeled glass jars and stored in a freezer (Ϫ20ЊC) before residue analysis (30 d). Spiked field samples were used for validating the method.
Water and sediment sampling
Water samplers (ISCO, Lincoln, NE, USA) collected water from the ditch using a peristaltic pump, and a flow logger connected the equipment to a rain gauge and ultrasonic probe. Three samplers were located along the ditch: One at the beginning of the ditch and then one each after about 50 and 100 m (Fig. 2) . The water was sampled through a Teflon tube and stainless steel filter at about 20 cm below the surface. To minimize adsorption of chlorpyrifos on container walls, 350-ml capacity glass bottles were used and filled to capacity. Sampling volumes were 1 L and, therefore, three bottles were filled for each event. After removal from the autosampler, the three water samples for each event were mixed together and a composite sample transferred to a glass bottle, which was stored in a refrigerator before residue analysis (by 30 d). To minimize contamination in the Teflon sampling tubes, two rinse cycles were conducted before each sampling event. In 2000 (trials 1 and 2), water samples (three replicates) were collected before and after each individual treatment to either Campi or Casetti field. Water samples then were collected 1, 2, 5, and 12 h after the second application had been made, so that any chlorpyrifos residues found in the ditch water would be due to the combined effect of treating each field (Campi and Casetti) during the same day. The day after application (i.e., July 28, 2000), there was an intense rainfall event (ϳ25 mm precipitation in 2 h) during which run-off may have occurred, so water was collected after the rain and every 12 h for the following 4 d. Sediments (three replicates) were collected at the following intervals: 15 d before the pesticide application and at 1, 3, 6, 10, 13, 26, 33, 40, 53, 67, and 77 d after treatment. In 2001 (trials 3 and 4), the sampling carried out in the 2-d period after application was more intense, with increased sampling frequency at two depths (5 and 30 cm).
Samples of sediment were collected close to each water sampler using a multisampler (Eijkelkamp, Giesbeek, The Netherlands), which allowed undisturbed sediment cores of approximately 6 to 8 cm diameter and 5 cm depth to be collected. Each sample comprised of three replicate cores collected from the central part of the ditch. After sampling, the three replicate cores were combined, placed in a glass jar, and stored in a refrigerator (Ϫ20ЊC) before residue analysis (30 d). Spiked field samples were used for validating the method.
Analytical methods
Different methods were used to determine quantitatively residues of chlorpyrifos in the samples of water, sediment, and paper.
Sediment and water. Water samples (1 L) were extracted three times with 100 ml dichloromethane. The organic phases were separated and filtered on anhydrous sodium sulphate. After evaporation by rotary vacuum, the residue was reconstituted in 1 ml acetone. Similarly, the moist sediment samples (20 Ϯ 0.1 g) were treated with 120 ml acetone and 5 g Celite, then shaken and stirred for 15 min. The slurry then was filtered and the extracts were added to a separating funnel, together with 400 ml water and 80 ml of saturated sodium chloride solution, then extracted twice using 100 ml dichloromethane. The organic phases were collected and filtered on anhydrous sodium sulphate, concentrated and reconstituted in 1 ml acetone. Water and sediment extracts were then quantified by capillary column gas chromatography and nitrogen-phosphorous detection (Dani Instruments Spa, Cologno Monzese, Milano, Italy). The recovery of chlorpyrifos in a set of six untreated spiked water samples (three replicates) fortified at levels ranging from 0.05 to 1.80 g L Ϫ1 was in the range 77.4 to 106.6% (mean recovery 87.8%); similarly, untreated spiked sediment samples fortified at 0.01 to 0.20 mg/kg gave recoveries in the range 95.0 to 102.4% (mean recovery 96.6%). The limit of quantification (LOQ) of chlorpyrifos in this method was 0.05 g L Ϫ1 for water and 0.10 mg kg Ϫ1 for sediment. Paper strips. The paper sections were cut into small pieces and 3 ϫ 100 ml of dichloromethane was added. The samples were then stirred for 5 min, kept in an ultrasonic bath for about 10 mi, and finally filtered on anhydrous sodium sulphate. The collected organic extracts were evaporated by rotary vacuum and reconstituted in 1 ml acetone, and the chlorpyrifos was quantified by gas liquid chromatograph equipped with a nitrogen-phosphorus detector. Chlorpyrifos recoveries from a set of six spiked paper samples (three replicates) fortified at levels from 0.0005 to 0.0200 g cm Ϫ2 , were in the range 83.0 to 104.0% (mean recovery 89.8%). The LOQ for chlorpyrifos on paper strips in this method was 0.0005 g cm
Ϫ2
RESULTS
Spray-drift
In Casetti field, where application was made in the afternoon, a higher chlorpyrifos application rate was achieved (540 g a.i. ha Ϫ1 ) and so the spray-drift deposition amounts generally were greater than in Campi field, which was treated in the morning (248 g as ha Ϫ1 ). The results, as mass of chlorpyrifos per unit area on each paper strip, are given in Figure 4 . It should be noted that in trials 3 and 4, the drift was determined only on a single occasion as a combined measurement (and not after separate applications to each field as in trials 1 and 2).
The spray deposition varied across and along the ditch in all the trials. Across the field, the amount of spray deposited decreased as the distance from the last treated vine row to the ditch water increased. The greatest deposition was seen within the first 2.4 m from the vine row, with 0.33 and 0.32 g cm Ϫ2 measured in Campi and Casetti fields, respectively, in 2000 ( Fig. 4a and b) , and 0.69 g cm Ϫ2 for the total area of Campi and Casetti fields treated in 2001 (Fig. 4c) . The lowest concentrations were measured close to the surface water and ranged from 0.01 to 0.1 g cm Ϫ2 , 0.04 to 0.24 g cm
Ϫ2
, and 0.01 to 0.17 g cm Ϫ2 in Campi, Casetti, and the combined trials in 2001, respectively. The standard deviation of the data was quite high both along and across the ditch (Fig. 4) .
The spray path of the tractor, due to the layout of the vine rows within the field, and the crop canopy both were important factors in influencing the amount of spray deposition and its spatial variability. In fact, as reported from other field experiences, the crop canopy played an important role because the spray-drift tended to be released within the canopy, rather than above it [10, 11, 14] . The vineyard rows and their specific canopy characteristics (Pergola Semplice Trentina; Fig. 3 ) intercepted and retained some of the spray-drift, and the wind speed and its direction tended to increase in importance when spraying occurred outside of the crop canopy. This effect was very visible at application and a spray plume was observed during the pesticide application. The drift deposition was greater in both fields when the tractor path was parallel to the vine rows ( Fig. 2a and b) : In Casetti field drift was higher than in Campi field also because of the plant canopy toward the ditch and the field slope (Fig. 3) . In trials 3 and 4 (in 2001), the drift variability was lower and was distributed mainly along the length of ditch because of the predominant wind direction and lower wind speed ( Table 2 ). The wind speed also was the main reason for the higher spray deposition at the bottom end of the ditch (0.69 vs. 0.20 g cm Ϫ2 at the top end; Fig. 4c ). It should be noted that the greatest deposition measured in 2001 (0.69 g cm Ϫ2 ) agreed with the sum of that measured close to the treated area in 2000 (0.33 and 0.32 g cm Ϫ2 ), although the total deposition loading closer to the ditch was similar (0.04-0.15 g cm Ϫ2 in 2000, against 0.04-0.17 g cm Ϫ2 in 2001) between trials. The variability recorded in Campi field (Fig. 4a) mainly was due to the interruption of the vine rows corresponding to board number 4 (Fig. 2a) , with deposition at board numbers 5 and 6 higher than at board numbers 2 and 3, due to the greater vineyard area treated. In Casetti field, the deposition was more homogeneous along the ditch with the exception of board number 6 where the deposition was reduced by a bush (Ontano napoletano spp.) about 3 m tall and 2 m wide.
Water deposition and dissipation
The chlorpyrifos residues measured in the various water samples taken in trials 1 and 2 (2000) at intervals up to 90 d after application are presented graphically in Figure 5 . Although the data showed that chlorpyrifos disappeared from the water within 12 h of the second application, it was detected in the ditch on one occasion after the intense rainfall event that occurred on July 28, 2000. In the sample taken 12 h after this event (equivalent to 32 h after the second application) by the first water sampler (closest to the bridge), a concentration of 0.21 g L Ϫ1 was found. However, the origin of the chlorpyrifos detected in this sample likely was from wash-off from the road around the fields. This is supported by the fact that the position where chlorpyrifos was detected is close to the junction of the gravel and asphalt roads. During application, deposition on the asphalt road was estimated from the drift data to be 0.257 g cm 2 (mean of data from first [0.291 g cm 2 ] and second [0.224 g cm 2 ] sections of the board), and so it is possible that any intense rain falling onto the road dissolved any chlorpyrifos residues, which were then transported into the ditch. However, because the detection was measured 12 h after the rain event, the grass buffer strip next to the ditch may have delayed the entry of chlorpyrifos into the water (the road was still flooded for a few hours following the rainfall). No chlorpyrifos was measured at the other sampling positions, which also may indicate a point source inflow. Although some rain fell during the monitoring period (Fig. 5) , no run-off or lateral drainage events happened during the experiment. Rainfall was slight and the soil buffered the transport of water, as confirmed by a model simulation (Capri et al., data not reported).
In trials 3 and 4 (2001), fewer water samples were taken. In these trials, the low water concentrations found in the previous year's trials were confirmed; the chlorpyrifos concentration in most of the water samples were below the LOQ (Ͻ0.05 g L Ϫ1 ); and chlorpyrifos was detected only once 24 h after the application, at a maximum concentration of 0.31 and 0.27 g L Ϫ1 at depths of 5 and 30 cm, respectively (Fig.  5) . The distribution appeared homogeneous at 30 cm depth.
Chlorpyrifos was not detected (i.e., Ͻ0.01 mg kg Ϫ1 ) in the sediment samples from any of the trials in both 2000 and 2001.
DISCUSSION
The current regulatory procedures for aquatic risk assessment in Europe focus primarily on spray-drift using different tools, such as the standard spray-drift tables, and the FOCUS EU drift calculator [2] . In this paper, the drift calculator developed by FOCUS was used for comparison with the higher tier-measured data from the work in Northern Italy. The basis of the FOCUS EU drift calculator is the published data from Germany [10, 14, 16] . For each crop and growth stage combination, experimental spray-drift deposition data for tier 1 assessment have been compiled as a function of the distance from the edge of the treated field across defined buffer zones. The data for each buffer zone distance have been analyzed to determine the probabilities of observing various amounts of drift. If the 90th percentile drift values are calculated for each distance, the experimental data set then can be used to determine a 90th percentile regression curve for the crop/growth stage combination considered. The basic concept of this approach is to select appropriate drift values so that the cumulative drift for the entire application season is the 90th percentile probability (worst case). Figure 6 shows the relationship between the drift calculator predictions for spray-drift and the measured results from the trials described in this paper. Because the drift calculator gives the output as percentage of drift, the measured drift concentrations on the paper strips were converted to percentage of equivalents by dividing the active ingredient determined in this study by the chlorpyrifos application rate achieved in each trial (g a.i. ha Ϫ1 ) to allow a comparison to be made between the data sets. The measured amount of spray-drift deposited following the chlorpyrifos application decreased with increasing distance similar to the predicted data, although the calculator only gives one drift value that is assumed to be consistent across the field. Although the drift measured in this study varied along the length of the ditch, the range was close to the predicted values. Agreement was greater in all the trials when the comparison was made for each application on an individual basis, as in 2000 (Fig.  6a and b) , than when both applications were combined, as in 2001 (Fig. 6c) . Of course in all comparisons, the calculator was unable to estimate the spatial variability of the drift deposition along the ditch. This represents a limitation of the drift calculator when the spatial dependence for the risk assessment is required, such as for the instantaneous and acute effects to the aquatic communities.
The drift calculator provides generic data for the tier 1 risk assessment, takes no account of specific pesticide properties, and assumes that the spray-drift deposited on the water surface results in homogenous water concentration in the aquatic system. This can produce a large difference between what is estimated as the initial water concentration and what actually was measured. From this spray-drift work, the amount of chlorpyrifos generally deposited as spray-drift on the ditch was estimated to be approximately 2% of the applied amount. In theory, this meant that about 2 g of chlorpyrifos was deposited onto the water surface of the ditch after the two applications. Therefore, the minimum expected water concentrations calculated by diluting this drift deposit into the ditch water volume would be 0.79 Ϯ 0.44 and 1.20 Ϯ 0.65 g L Ϫ1 after the first and second treatments, respectively. In practice, analysis of the water samples showed lower concentrations than estimated, with a maximum measured concentration of approximately 0.3 g L Ϫ1 immediately after the first application, and approximately 0.09 g L Ϫ1 after the second. The reasons for these lower values can be due to the pesticide properties, the experimental methodology used in the investigation (e.g., the manner in which the drift deposit is captured and how the surface water is sampled), and the characteristics of the ditch. Chlorpyrifos is hydrophobic in nature [6] (water solubility ranges from 0.94-2 mg L Ϫ1 at 24ЊC), which lessens water diffusion, and this may be the reason for the variability in the measurement (Fig. 5) . Furthermore, chlorpyrifos can volatilize from water into the atmosphere, where it is transformed quickly, although its Henry's law constant (0.67 Pa m 3 mol Ϫ1 ) [6] would predict a higher fraction dispersed in the water phase. However, this pesticide fraction dissolved in water will also have a short lifetime, as it is dissipated quickly, mainly by hydrolysis, which is catalyzed by trace elements and high pH [6] such as that found in the ditch (pH ϭ 7.8; Cu ϭ 0.18 mg L Ϫ1 ). It also is possible that collecting the spray-drift deposit using paper may protect the pesticide from other dissipation processes, such as photodegradation and volatilization, similarly to what happens in the plant leaves and fruit due to the effect of the waxy layer [17] [18] [19] [20] . Finally, the properties of the ditch itself can influence the amount measured due to the very slow water flow (0.0017 m s
Ϫ1
) and to the aquatic biomass present in the ditch.
The data obtained at field scale are consistent with results reported from studies at a larger scale (watershed) and from the national monitoring studies carried out annually by competent authorities in the study area. For example, the Adige River and its tributaries pass through Trento province (area 762 km 2 ), with an area of approximately 12,373 ha dedicated to vineyards (http://www.istat.it). In general surface water monitoring carried out in this area in 1991 and 1993 at catchment scale, chlorpyrifos was not detected in any of the 76 water samples analyzed (LOQ Ͻ 0.01 g L
) [8] .
CONCLUSION
Drift trials conducted in 2000 and 2001 showed that drift loadings in the realistic worst-case conditions chosen for this study (two fields loading a water body, low flow rate in the receiving water, constant and perpendicular wind direction in 2000) could reach levels predicted by spray-drift tables. However, the measured drift was highly variable and often significantly lower than predicted. This variability mainly may have been due to physical factors, such as the crop canopy and the plant distribution within the fields (layout of vineyard rows). In the two edge-of-field experiments conducted, only seven water samples contained residues Ͼ0.05 g L Ϫ1 (LOQ) and only four of these were Ͼ0.1 g L Ϫ1 in 2000. In 2001, only two out of 16 samples contained residues Ͼ0.05 g L Ϫ1 and both were Ͼ0.1 g L Ϫ1 (maximum measured edge-of-field chlorpyrifos concentration was approximately 0.3 g L Ϫ1 ). All water concentrations were lower than predicted by drift estimates using a spray-drift calculator and from the drift measurement carried out in the experiments. The discrepancy again likely is to be due to the variability of drift loadings, and other factors such as the pesticide properties and also the incomplete mixing along the watercourse. Both aspects require further research and they should be taken into account in order to refine aquatic risk in the higher tier assessment. The results also showed that chlorpyrifos residues disappeared rapidly in these surface water environments. Monitoring data at larger scale, not reported in this paper, support this conclusion. Several factors may contribute to the fast dissipation in addition to the intrinsic properties of the pesticide (e.g., enhanced hydrolysis due to the alkaline surface water, volatilization from the water surface and sorption to active biological sites such as macrophytes).
